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Copper is an essential metal for normal plant growth and development, although it is also potentially toxic. Copper participates 
in numerous physiological processes and is an essential cofactor for many metalloproteins, however, problems arise 
when excess copper is present in cells. Excess copper inhibits plant growth and impairs important cellular processes (i.e., 
photosynthetic electron transport). Since copper is both an essential cofactor and a toxic element, involving a complex network 
of metal trafficking pathways, different strategies have evolved in plants to appropriately regulate its homeostasis as a function 
of the environmental copper level. Such strategies must prevent accumulation of the metal in the freely reactive form (metal 
detoxification pathways) and ensure proper delivery of this element to target metalloproteins. The mechanisms involved in 
the acquisition of this essential micronutrient have not been clearly defined although a number of genes have recently been 
identified which encode potential copper transporters. This review gives a briefly overview of the current understanding of the 
more important features concerning copper toxicity and tolerance in plants, and brings information of recent findings on copper 
trafficking including copper detoxification factors, copper transporters and copper chaperones.
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Cobre em plantas: Cobre é um metal essencial para o crescimento e desenvolvimento normal de plantas, apesar de também 
ser potencialmente tóxico. Participa de vários processos fisiológicos, sendo co-fator essencial para muitas metaloproteínas; 
no entanto, aparecem problemas quando o cobre está presente em excesso nas células. Isso inibe o crescimento de plantas e 
impede importantes processos celulares, como, por exemplo, o transporte de elétrons na fotossíntese. Desde que o cobre tanto 
é um co-fator essencial como um elemento tóxico, diferentes estratégias, com uma rede complexa de vias de transporte do 
metal, evoluem em plantas de forma a regular apropriadamente sua homeostase em função de mudanças ambientais do nível de 
cobre. Tais estratégias devem impedir o acúmulo do metal na forma reativa livre (vias de destoxificação) e assegurar a alocação 
adequada do metal a metaloproteína destino. Os mecanismos envolvidos na aquisição desse micronutriente essencial não foram 
claramente definidos, apesar de vários genes que codificam para transportadores de cobre terem sido recentemente identificados. 
Esta revisão descreve, brevemente, o atual conhecimento sobre as principais características da toxicidade e tolerância de plantas 
ao cobre, assim como as recentes descobertas sobre o transporte de cobre, incluindo fatores de destoxificação, transportadores 
e chaperonas de cobre.
Palavras-chave: homeostase de cobre, destoxificação, metaloproteínas, toxicidade, transportadores de cobre.
INTRODUCTION
Copper (Cu) is an essential redox-active transition metal 
that is involved in many physiological processes in plants be-
cause it can exist in multiple oxidation states in vivo. Under 
physiological conditions Cu exists as Cu2+ and Cu+. Cu acts 
as a structural element in regulatory proteins and participates 
in photosynthetic electron transport, mitochondrial respira-
tion, oxidative stress responses, cell wall metabolism and 
hormone signaling (for a review see Marschner, 1995; Raven 
et al., 1999). Cu ions act as cofactors in many enzymes such 
as Cu/Zn superoxide dismutase (SOD), cytochrome c oxi-
dase, amino oxidase, laccase, plastocyanin and polyphenol 
oxidase. At the cellular level, Cu also plays an essential 
role in signaling of transcription and protein trafficking 
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machinery, oxidative phosphorylation and iron mobiliza-
tion. Thus, plants require Cu as an essential micronutrient 
for normal growth and development; when this ion is not 
available plants develop specific deficiency symptoms, most 
of which affect young leaves and reproductive organs. The 
redox properties that make Cu an essential element also con-
tribute to its inherent toxicity. Redox cycling between Cu2+ 
and Cu+ can catalyze the production of highly toxic hydroxyl 
radicals, with subsequent damage to DNA, lipids, proteins 
and other biomolecules (Halliwell and Gutteridge, 1984). 
Thus, at high concentrations, Cu can become extremely toxic 
causing symptoms such as chlorosis and necrosis, stunting, 
leaf discoloration and inhibition of root growth (van Assche 
and Clijsters, 1990; Marschner, 1995). At the cellular level, 
toxicity may result from i) binding to sulfhydryl groups in 
proteins, thereby inhibiting enzyme activity or protein func-
tion; ii) induction of a deficiency of other essential ions; iii) 
impaired cell transport processes; iv) oxidative damage (van 
Assche and Clijsters, 1990; Meharg, 1994).
Nevertheless, either deficient or in excess, Cu can cause 
disorders in plant growth and development by adversely 
affecting important physiological process in plants. In 
particular photosynthetic electron transport is altered 
under both Cu deficiency and excess Cu conditions. Thus, 
for healthy plant growth and development Cu must be 
acquired from the soil, transported throughout the plant, 
distributed and compartmentalized within different tissues 
and its content carefully regulated within different cells and 
organelles. For this purpose, plants –like all other organisms- 
have homeostatic mechanisms to maintain the correct 
concentrations of essential metal ions. Membrane transport 
systems are likely to play a central role in these processes.
Although the mineral nutrition of higher plants is of fun-
damental importance to agriculture and human health, many 
basic questions remain unanswered, particularly in relation 
to the accumulation of essential heavy metals. How do plants 
ensure that all tissues receive an adequate supply of the heavy 
metals required for vital cellular processes? How do plants 
prevent these metals from accumulating to toxic levels? 
These are some questions of fundamental importance in plant 
biology, which underlie an area of research that is emerging 
now that the necessary molecular tools are available. In fact 
the mechanisms that contribute to Cu homeostasis are just 
beginning to be elucidated in higher plants since Cu ions are 
essential components of a variety of enzymes, transcription 
factors and other proteins. The use of genetic and molecular 
techniques, such as sequence comparison to identify trans-
porters and functional complementation of yeast mutants 
and plant transformation to regulate gene activities, has been 
crucial for the progress achieved in this area. A wide range of 
gene families and proteins are being identified in plants that 
are likely to be involved in Cu homeostasis. Cu homeostasis 
is also receiving a growing interest in plant research since it 
is implicated in responses to the oxidative damage produced 
by environmental stress. Mechanisms must exist to satisfy 
the requirements of cellular metabolism and at the same time 
protect cells from toxic effects. At the cellular level, specific 
transporters are presumably responsible for the uptake and 
secretion of metal ions, and there may be additional trans-
porters that allow sequestration into organelles. Thus, the 
characterization of Cu transporters will help to elucidate how 
Cu is incorporated into plant cells and transported to subcel-
lular proteins and compartments. In particular, the interac-
tion of metal chaperones with transporters deserves attention 
since this may have important implications for sequestration 
of metals within intracellular stores. During the last ten years 
a rapid progress has been made in this area. Thus, heavy 
metal transport is a very exciting and fast developing field in 
plant biology. 
Copper deficiency in plants
Cu concentrations in cells need to be maintained at low 
levels since this element is extremely toxic in view of its 
high redox properties. The average content of Cu in plant 
tissue is 10 µg.g-1 dry weight (Baker and Senef, 1995). 
The critical free Cu concentration in nutrient media (below 
which Cu deficiency occurs) ranges from 10-14 to 10-16 M. 
Plants usually find a variable supply of Cu in the soil since 
typically soil solution concentrations range from 10-6 to 10-9 
M, but plants may still need to solubilize and reduce the 
metal. No specific transporters involved in Cu uptake from 
the environment have been characterized to date but there is 
evidence that Cu is reduced.
Cu-deficient plants show a change in the expression of 
a series of genes and activation of morphological changes 
such as in root and leaf architecture. Typical symptoms of 
Cu deficiency appear first at the tips of young leaves and 
then extend downward along the leaf margins. The leaves 
may also be twisted or malformed and show chlorosis or 
even necrosis (Marschner, 1995). Cu deficiency was found 
to reduce photosystem I (PSI) electron transport due to 
decreased formation of plastocyanin (Baszynski et al., 1978; 
Shikanai et al., 2003) which is the major target site of Cu 
deficiency in photosynthesis. Decrease in phosystem II 
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(PSII) activity was also observed in Cu-deficient chloroplasts 
(Droppa et al., 1987; Henriques, 1989). Droppa et al. (1987) 
concluded that severe Cu deficiency results in changes in 
the thylakoid membranes and modifies the ambient of the 
PSII acceptor side. They also noticed the absence of a 29 
kDa polypeptide, which is probably a component of CP29, a 
minor chlorophyll-protein of PSII. Cu-deficient plants show 
disintegration of the thylakoid membranes of chloroplasts 
(Baszynski et al., 1978; Henriques, 1989) as well as 
decreased pigment (chlorophylls and carotenoids) content, 
reduced plastoquinone synthesis and lower unsaturated C18 
fatty acid contents (Barón et al., 1992).
The up- and down- regulation of genes directing those 
events involve a series of molecular mechanisms that begin 
with the plant “sensing” the deficiency and then transmitting 
the signal along transduction pathways through the plant 
vascular system. Signals between the aerial parts of the 
plants, including the apical meristem, and the roots lead 
to the activation or inactivation of transcription factors 
that influence expression of specific genes. How plants 
detect and respond to deficiencies in Cu and other essential 
micronutrients is still obscure.
Copper toxicity in plants
Toxic levels of Cu occur naturally in some soils whereas 
others may contain high levels of Cu as a result of the 
anthropogenic release of heavy metals into the environment 
through mining, smelting, manufacturing, agriculture and 
waste disposal technologies. At concentrations above those 
required for optimal growth Cu was shown to inhibit growth 
and to interfere with important cellular processes such as 
photosynthesis and respiration (Marschner, 1995; Prasad and 
Strzalka, 1999). Plants grown in the presence of high levels of 
Cu normally show reduced biomass and chlorotic symptoms. 
A lower content of chlorophyll and alterations of chloroplast 
structure and thylakoid membrane composition was found 
in leaves under such growth conditions (Baszynski et al., 
1988; Lidon and Henriques, 1991; 1993; Ciscato et al., 1997; 
Pätsikkä et al., 1998; Quartacci et al., 2000). In particular, 
degradation of grana stacking and stroma lamellae, increase 
in the number and size of plastoglobuli, and appearance of 
intrathylakoidal inclusions were observed. It was proposed 
that Cu interferes with the biosynthesis of the photosynthetic 
machinery modifying the pigment and protein composition 
of photosynthetic membranes (Lidon and Henriques, 1991; 
Maksymiec et al., 1994). Furthermore, lipid peroxidations, 
decreases of lipid content and changes in fatty acid 
composition of thylakoid membranes were observed 
(Sandmann and Böger, 1980; Luna et al., 1994; Maksymiec 
et al., 1994). As a consequence of such modifications, 
alteration of PSII membrane fluidity was found (Quartacci 
et al., 2000). On the other hand, the decrease of the 
photochemical activity caused by Cu is accompanied in 
vivo by an alteration of the structure and composition of the 
thylakoid membranes, which can influence the conformation 
and function of the photosystems (Baszynski et al., 1988, 
Ouzounidou et al., 1992, Lidon et al., 1993). Baszynski and 
Kruppa (1995) proposed that those processes induced by Cu 
could involve either the destruction of the oxygen-evolving 
complex polypeptide composition or the interaction with 
ions necessary for proper functioning of the complex such as 
Mn, Ca and Cl.
It is well known that transition metals like Cu catalyze the 
formation of hydroxyl radicals (OH⋅) from the non-enzymatic 
chemical reaction between superoxide (O2
⋅-) and H2O2 
(Haber-Weiss reaction) (Halliwell and Gutteridge, 1984). 
Hence, the presence of excess Cu can cause oxidative stress 
in plants and subsequently increase the antioxidant responses 
due to increased production of highly toxic oxygen free 
radicals. Accordingly, it was observed that excess Cu in plants 
led to oxidative stress inducing changes in the activity and 
content of some components of the antioxidative pathways 
(i.e., ascorbate peroxidase (APX), monodehydroascorbate 
reductase (MDHAR), dehydroascorbate reductase (DHAR), 
glutathione reductase (GR), superoxide dismutases (SODs), 
guiacol peroxidase) (De Vos et al., 1992; Luna et al., 1994; 
Stohs and Bagchi, 1995; Navari-Izzo et al., 1998; Gupta et 
al., 1999; Drazkiewicz et al., 2003; Wang et al., 2004). The 
antioxidant responses were observed in leaves and roots 
being both Cu-concentration dependent and time-dependent. 
The ascorbate-glutathione cycle has been reported to be 
involved in response to excess Cu (Gupta et al., 1999; 
Drazkiewicz et al., 2003). 
The mechanism of Cu toxicity on photosynthetic electron 
transport has been extensively studied in vitro and it was 
found that PSII (figure 1) is a more sensitive site to Cu 
toxicity (for review see Droppa and Horváth, 1990; Barón 
et al., 1995) than photosystem I (PSI) (Ouzounidou et al., 
1997). The most apparent effect of Cu toxicity on PSII is the 
inhibition of oxygen evolution accompanied by quenching 
of variable fluorescence (Hsu and Lee, 1988; Samson et 
al., 1988; Mohanty et al., 1989). Both the acceptor and the 
donor sides of PSII were suggested as the main targets of Cu 
toxic action. On the PSII reducing side, the QB binding site 
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(Mohanty et al., 1989) and the Pheo-Fe-QA domain (Yruela et 
al., 1991, 1992, 1993, 1996a) have been reported as the most 
sensitive sites for Cu toxicity. Evidence that Cu impairs the 
function of the oxidizing side were also reported (Cedeño-
Maldonado and Swader, 1972; Vierke and Struckmeier, 1977; 
Shioi et al., 1978a,b; Bohner et al., 1980; Samuelsson and 
Öquist, 1980). Some authors (Schröder et al., 1994, Arellano 
et al., 1995) suggested that the electron flow from Tyrz to 
P680+ is blocked at toxic Cu concentrations. Králova et al. 
(1994) and Sersen et al. (1997) proposed that Cu interacts not 
only with Tyrz, but also with TyrD on D2 protein. A possible 
direct interaction between Cu and Ca at the oxidizing side 
of PSII was also shown in vitro (Sabat, 1996) and in vivo 
(Maksymiec and Baszynski, 1999). 
Additional effects of Cu toxicity on both the donor side, 
affecting the Mn-cluster and the extrinsic proteins of the 
oxygen-evolving-complex, and the acceptor side, interacting 
with the non-heminic Fe2+ and cytochrome (Cyt) b559
 have 
been reported (Renger et al., 1993; Jegerschöld et al., 1995, 
1999; Yruela et al., 1996b; Sersen et al., 1997; Yruela et al., 
2000; Burda et al., 2003; Bernal et al., 2004). The extrinsic 
proteins of 33, 24 and 17 kDa of the oxygen-evolving 
complex of PSII were removed by high Cu concentration 
treatments. With respect to Cyt b559, Yruela et al. (1996b) 
found that Cu decreased the level of the photoreduced Cyt 
b559 and slowed down its rate of photoreduction. Jegerschöld 
et al. (1995) observed conversion of the high potential (HP) 
form of Cyt b559 to the low potential (LP) form at high Cu 
concentrations. Since Cu ions have high affinity for histidine 
residues it is reasonable to assume that Cu ions interact 
with the histidine residue(s) coordinating the Cyt b559 heme 
group (Roncel et al., 2001) leading to changes in the Cyt b559 
redox state. On the other hand, Burda et al. (2003) found that 
high Cu concentrations, apart from the inhibition of oxygen 
evolution, changed the initial S-state distribution of the 
oxygen-evolving complex, oxidized both the LP and the HP 
forms of Cyt b559, and enhanced the formation of the Chlz
+ 
radical. These authors proposed that this finding could be 
responsible for fluorescence quenching in PSII.
The different sites of Cu action on PSII suggested in 
the literature certainly depend on the relative Cu to reaction 
center ratio used in the investigations. This fact complicates 
the comparison and interpretation of the published results 
and shows the need to distinguish between in vitro Cu effects 
on PSII obtained at low and high Cu concentrations. Low 
Cu concentrations (Cu per PSII reaction center unit ≤ 250) 
that cause around 50% inhibition of variable chlorophyll a 
fluorescence and oxygen evolution activity did not affect the 
polypeptide composition of PSII. However, the 33, 24 and 17 
kDa extrinsic proteins of the oxygen-evolving complex of 
PSII are removed when samples are treated with higher Cu 
concentrations (Cu per PSII reaction center unit > 250). The 
LCHII antenna complex and D1 protein of the PSII reaction 
center are not affected even at these elevated Cu concentrations 
(Yruela et al., 2000). These findings might indicate that the 
initial inhibition of the PSII electron transport and oxygen-
evolving activity induced by the presence of toxic Cu could 
occur before the damage to the oxygen-evolving complex. 
The interaction of Cu toxicity with photoinhibitory and 
recovery processes on PSII has been also investigated (Yruela 
et al., 1996b, Pätsikkä et al., 1998) demonstrating that Cu 
enhances the adverse effects of light. The photosynthetic 
activity decreases when oxygenic organisms are exposed 
to prolonged illumination with high light intensities. This 
process, which includes the functional impairment of 
PSII electron transport and the structural damage of the 
PSII reaction center, is known as photoinhibition (Aro el 
al., 1993). Cu increases susceptibility to photoinhibition 
in isolated thylakoids (Cedeño-Maldonado and Swader, 
1972; Pätsikkä et al., 2001) or PSII-enriched membrane 
preparations (Yruela et al., 1996b). Considering that Cu is an 
efficient catalyst in the formation of reactive oxygen species 
(ROS), it was suggested that the increased Cu toxicity by 
light during photoinhibition is due to production of hydroxyl 
radicals (Yruela et al., 1996b). A different proposal was 
given by Pätsikkä et al. (2002) to explain the severe effects Figure 1. Scheme of toxic Cu action sites in photosystem II from plants. 
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caused by the presence of high Cu concentrations during 
photoinhibition in vivo. These authors suggested that the 
reduced chlorophyll content observed in plant leaves grown 
in the presence of high Cu concentrations made leaves 
more susceptible to photoinhibition as a consequence of 
a Cu-induced Fe deficiency. Since adding excess Fe in the 
hydroponic growth medium reduced Cu toxicity symptoms 
a competition between Cu and Fe uptake mechanisms at the 
root level was proposed. The Cu effect on Cyt b559 under 
photoinhibitory conditions was also investigated. These 
studies indicated that Cyt b559 is affected after PSII centers 
are photoinhibited and that the HP form of Cyt b559 is more 
sensitive to the toxic Cu action than the LP form under 
photoinhibitory conditions (Bernal et al., 2004).
Copper uptake and transport mechanisms
Cu acquisition and transport into and within cells is 
relatively little known in plants. However, recently rapid 
progress has been made, particularly with the application of 
the knowledge of transport processes in yeast to other eu-
karyote organisms (Eide, 1998; Nelson, 1999). Consequently, 
several families of heavy metal transporters have been iden-
tified (for reviews see Fox and Guerinot, 1998; Himelblau 
and Amasino, 2000; Williams et al., 2000; Markossian and 
Kurganov, 2003) (figure 2).
P-type ATPase Cu-transporters: P-type heavy metal ATPase 
have been identified in a wide range of organisms including 
plants and are implicated in the transport of a range of 
essential and potentially toxic metals across cell membranes 
(i.e., Cu2+, Zn2+, Cd2+, Pb2+). They are a subgroup of the 
large superfamily of P-type ATPases, which use ATP to pump 
a variety of charged substrates across biological membranes 
and are distinguished by the formation of a phosphorylated 
intermediate during the reaction cycle. Heavy metal ATPases 
have been classified as type 1B ATPases and, together with 
the closely related type 1A ATPases (which are thought to be 
involved in K+ transport), they are considered to constitute a 
monophyletic group (Palmgren et al., 1998). 
 Solioz and Vulpe (1996) defined the heavy metal P-type 
ATPases as CPx-ATPases because they share the common 
feature of a conserved intramembranous cysteine-proline-
cysteine, cysteine-proline-histidine or cysteine-proline-serine 
motif (CPx motif) which is thought to function in heavy metal 
transduction. The first CPx-ATPase reported in plants was 
PAA1 (P-type ATPase of Arabidopsis 1) from Arabidopsis 
thaliana (Tabata et al., 1997). This metal-transporter was 
identified originally by its sequence similarity to cyanobacterial 
CtaA protein. In view of the similarity between plastids and 
cyanobacteria, P-type ATPases such as PAA1, which are more 
similar to cyanobacterial transporters than to RAN1, were 
proposed to be involved in Cu delivery to chloroplasts. 
Sequence comparisons generally group the type 1B 
ATPases into two further classes: i) those transporting 
monovalent cations, Cu/Ag and ii) those transporting 
divalent cations, Cd/Pb/Zn/Co (Axelsen and Palmgren, 
2001; Cobbet et al., 2003). Biochemical studies using 
membrane vesicles indicate that the substrate for 1B heavy-
metal-transporting P-type ATPases is Cu(I) rather than 
Cu(II) (Voskoboinik et al., 2002). The recent completion of 
the Oryza sativa (rice) genome has allowed the comparison 
of the full complement of P-type ATPase genes in two 
different plant species,  Arabidopsis thaliana and Oryza 
sativa.  Eight members of the type 1B subfamily have 
been found (Baxter et al., 2003). Since the nomenclature of 
these eight members is confused, Baxter et al. (2003) have 
designated these as HMA1 to HMA8 although three of them, 
HMA6, HMA7 and HMA8, had previous designations, 
PAA1, RAN1 and PAA2, respectively. Four members of 
this family HMA5, HMA6 (PAA1), HMA7 (RAN1) and 
HMA8 (PAA2) are the most closely related to the Cu/
Ag subclass. HMA7 (RAN1) was identified in a genetic 
screen for plants with an unusual response to the ethylene 
antagonist trans-cyclooctene, underscoring the critical 
role of Cu in the ethylene-signaling pathway (Hirayama et 
Figure 2. Scheme of identified transport pathways for Cu in plant 
cells. The cell membrane transporters (COPT1, COPT3, COPT5, 
COX17, PAA1, PAA2, RAN1), copper chaperones (CCH, CCS, 
CpCCS) and detoxification factors (metallothioneins (MTs), 
phytochelatins (PCs) or glutathione (GSH)) are shown. 
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al., 1999). This role is explained by the fact that ethylene 
receptors are Cu-dependent proteins (Rodríguez et al., 
1999; Hiramaya and Alonso, 2000). Thus HMA7 (RAN1) 
is involved in ethylene signaling by transporting Cu to the 
secretory pathway, where it is required for the formation of 
functional ethylene receptors (Woeste and Kieber, 2000). 
The plant hormone ethylene is an important signal in 
many abiotic stress situations but also in plant pathogen 
interaction. Shikanai et al. (2003) demonstrated that HMA6 
(PAA1) is responsible for the delivery of Cu to chloroplasts, 
which provides the cofactor for the stromal enzyme Cu/Zn 
superoxide dismutase (Cu/ZnSOD) and for the thylakoid 
lumen protein plastocyanin, two proteins involved in 
antioxidant enzymatic activity and photosynthetic electron 
transport function, respectively. Paa1 mutants have a high 
chlorophyll fluorescence phenotype arising from impaired 
photosynthetic electron transport apparently because of a 
deficiency in holoplastocyanin (Shikanai et al., 2003). The 
phenotype can be restored by the addition of excess Cu to 
the growth medium. HMA5 and HMA8 (PAA2) are the most 
similar in sequence to HMA7 (RAN1) and HMA6 (PAA1), 
respectively (Baxter et al., 2003), however their precise 
functions have not been described. Since HMA8 (PAA2) 
shows similarity to PacS transporter from cyanobacteria and 
has a chloroplast transit sequence it has been suggested that 
it could be involved in Cu transport through the thylakoid 
membrane (Pilon et al., unpublished data). The remaining 
four type 1B ATPases in Arabidopsis thaliana HMA1, 
HMA2, HMA3 and HMA4 are most closely related to the 
divalent cation transporters from prokaryotes and have no 
apparent counterparts in non-plant eukaryotes. The roles of 
these in heavy metal homeostasis or tolerance in plants have 
not yet been described. The data of partial sequences and 
expressed sequence tags obtained suggest these ATPases 
occur in a variety of plant species. Recently, the RAN1 Cu-
transporter has been found in Brassica napus (BnRAN1) 
(Southron et al., 2004). 
COPT copper transporters: Another widespread family of Cu 
transporters, the COPT proteins, has been identified in plants 
by sequence homology with the eukaryotic Cu transporters 
named Ctr or by functional complementation in yeast. Five 
members of this family, COPT1-5, have been found in 
Arabidopsis thaliana. The first one, COPT1 was identified 
by the ability of its cDNA to functionally complement a 
Saccharomyces cerevisiae mutant defective in high-affinity 
Cu uptake (Kampfenkel et al., 1995). The COPT1 transporter 
allows the entrance of Cu into cells (Kampfenkel et al., 1995; 
Sancenón et al., 2003). All members belonging to the Ctr 
family contain three predicted transmembrane segments 
and most posses a N-terminal Met- and His- rich putative 
metal binding domain (for reviews Peña et al., 1999; Labbé 
and Thiele, 1999; Harris, 2000; Puig and Thiele, 2002). The 
existence of three COPT groups according to the number of 
N-terminal Met- and His- rich boxes has been proposed. The 
first one, including COPT1 and COPT2, displays the more 
high-affinity Cu transporter features. Metal competition 
experiments suggest that Arabidopsis COPT1, as for other 
Ctr1 family members, is a high-affinity transporter with 
specificity for Cu(I) (Sancenón et al., 2003). The COPT1 gene 
is expressed in embryos, trichomes, stomata, pollen and roots 
tips.  It plays an important physiological role in Cu acquisition 
and accumulation since it is required for growth under Cu 
limiting conditions. Its participation in root elongation and 
pollen development has been also described (Sancenón et al., 
2004). The second group includes the COPT3 and COPT5 
transporters having only one Met- and His- rich box, which 
show an intermediate level of both complementation and Cu 
transport rate. Putative target sequences to the chloroplast 
and the secretory pathway have been predicted for COPT3 
and COPT5, respectively. Finally, COPT4 represents a third 
group showing high level expression in roots that lacks Met-
residues and motifs essential for Ctr1-mediated high-affinity 
Cu transport. These findings suggest an indirect role in Cu 
transport (Sancenón et al., 2004).
Copper chaperones: The Cu chaperones belong to a new 
family of cytosolic, soluble, low-molecular-weight metal-re-
ceptor proteins named metallochaperones, and are involved 
in the intracellular trafficking of metal ions. Different molec-
ular chaperones involved in protein folding have been found 
differing in their functions. Cu chaperones have a critical 
biological function to transport Cu in the cytoplasm to the 
site of utilization by Cu-dependent proteins. Consequently, 
Cu chaperones bind and deliver Cu ions to intracellular com-
partments and insert the Cu into the active sites of specific 
partners, the Cu-dependent enzymes. Thus, these proteins 
prevent inappropriate Cu interaction with other cellular com-
ponents. In plants, three different members of the Cu chap-
erone family, CCH, COX17 and CCS, have been identified 
and characterized at different levels. The Arabidopsis CCH 
gene, highly homologous to the yeast ATX1 (Himelblau et 
al., 1998) has been the most extensively studied of the three 
Cu chaperones in plants (Mira et al., 2001a,b). High levels of 
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CCH expression were found in stems of this plant. Recently, 
a CCH chaperone has been identified by differential display 
in tomato (Lycopersicon esculentum; LeCCH) infected 
with the fungal pathogen Botrytis cinerea (Company and 
González-Bosch, 2003) suggesting an interesting relation-
ship between Cu homeostasis and plant defense responses. 
The plant CCH gene expression has been related to oxida-
tive stress and senescence. It has been proposed that CCH 
by homology to its counterpart in yeast binds Cu(I) and 
interacts directly with a P-type ATPase Cu transporter (prob-
ably RAN1), its physiological partner. The COX17 gene was 
recently isolated in Arabidopsis (AtCOX17). It encodes a 
protein that shares sequence similarity to COX17, a Cu-chap-
erone from yeast that might mediate the delivery of Cu to the 
mitochondria for the assembly of a functional cytochrome 
oxidase complex (Balandin and Castresana, 2002). The gene 
expression of AtCOX17 was activated in response to excess 
Cu treatment indicating that this Cu-chaperone could be in-
volved in a tolerance function like metallothioneins which 
are also induced by high concentrations of metals (Zhou and 
Goldsbrough, 1994). The AtCOX17 chaperone could sup-
ply Cu to the mitochondria for the assembly of a functional 
cytochrome oxidase complex and cytosolic enzymes such as 
Cu/Zn superoxide dismutase. In this manner COX17 would 
contribute to the increase in activity of specific enzymes 
that are required to preserve organelle functionality in a 
number of biotic and abiotic stress situations (Balandin and 
Castresana, 2002). The CCS gene, homolog of the yeast LY7 
gene, has been identified in tomato (Lycopersicon esculen-
tum; LeCCS) (Zhu et al., 2000), Arabidopsis thaliana (Wintz 
and Vulpe, 2002), and potato (Solanum tuberosum; StCCS) 
(Trindade et al., 2003). StCCS gene expression was induced 
by auxin which is known to play a role in different stages 
of potato development. Auxins have a promoting effect on 
cell elongation/expansion. Surprisingly, no reports have been 
published until now on the presence of CCS in leaves of any 
plant species. Moreover, potato plants sprayed with CuSO4 
did not respond with a significant change in StCCS expression. 
Because both isoforms of Cu/ZnSOD, cytosolic and chloro-
plastic, are expressed in leaves, one would expect that the 
Cu chaperone for these enzymes would also be present in the 
same tissues. This is consistent with the inhibition of StCCS 
gene expression observed when potato plants were grown in 
vitro in media supplemented with 10 mM CuSO4. This unex-
pected finding may be explained if the presence of a chaperone 
were not required for the incorporation of Cu in the SOD when 
Cu is present at high concentrations in leaves. 
Despite their role in Cu homeostasis, neither CCH nor 
RAN1 are induced by Cu treatment, indicating that they 
might be more important in helping cells cope with Cu 
deficit than Cu excess. In contrast, activation of AtCOX17 
gene expression in response to Cu treatment might be an 
indication of a function like metallothioneins. Thus, further 
experimental support is necessary to establish the function of 
these proteins.
Other possible Cu-transporters: A novel family of related 
proteins which are implicated in the transport of divalent 
metal ions are the so-called N-ramp transporters. The N-ramp 
gene family has been highly conserved during evolution 
and homologues have been found in a wide range of living 
organisms. In plants, investigations of the N-ramp family 
have been largely restricted to rice (Oryza sativa) where three 
N-ramp gene homologues have been identified, OsNramp1, 
OsNaramp2 and a partial length of OsNramp3 (Belouchi et 
al., 1995, 1997). Subsequently, two Arabidopsis genes were 
identified (Alonso et al., 1999) which show similarity to 
Nramps. More recently, three additional genomic sequences 
from Arabidopsis with homology to Nramps have been 
found denominated AtNramp1, AtNramp3 and AtNramp4. 
Pairwise comparisons of similarities between each of these 
genes suggests that the plant Nramps can be broadly divided 
into two groups: 1) OsNramp1, OsNramp3 and AtNramp5 
which share high similarity and 2) OsNramp2, AtNramp1, 
AtNramp2, AtNramp3 and AtNramp4, which have lower 
similarity to group (1). This finding could suggest the 
possibility of subgroups that may vary in their substrate 
specificity, although this remains to be demonstrated. As with 
other members of this family, the plant Nramp proteins have 
12 predicted transmembrane domains, however, they also 
possesses a long intracellular C-terminal tail which is unique 
to the Nramp proteins. A transport function for the plant 
Nramp homologues remains to be formally demonstrated; 
however there is good evidence from studies with yeast for 
a role of the Nramp proteins in divalent cation transport. 
In Arabidopsis Nramp1 (AtNramp1) confers tolerance to 
toxic concentrations of external Fe(II) (Curie et al., 2000). 
Homologues of the Nramp family have also been identified 
in soybean and proposed to be involved in Fe(II) transport 
and Fe homeostasis in the nodule to support symbiotic N2 
fixation (Kaiser et al., 2003). However, they have also been 
shown to mediate the uptake of other metal ions such as Cu 
in yeast. Therefore a similar function in plants should be not 
discarded.
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The mechanisms developed in the acquisition of essential 
heavy metal micronutrients have not been clearly defined 
although a number of genes have now been identified which 
encode potential transporters. There are still no indications 
of how they may be regulated in higher plants, but this could 
occur potentially at the transcriptional level (control on 
initiation rates, mRNA stability, differential mRNA splicing) 
or at the post translational level (targeting, stability). Many 
metal transporters in other organisms are regulated at the 
transcriptional level by extracellular metal concentrations via 
transcription factor proteins (Radisky, 1999). Recently, Jonak 
et al. (2004) observed that excess Cu activated mitogen-
activated protein kinases (MAPKs) suggesting that MAPK 
pathways are activated in response to excess Cu. MAPKs are 
involved in signal transduction induced by heavy metals and 
protein phosphorylation events. 
Tolerance mechanisms to copper toxicity
Tolerance to heavy metals in plants may be defined as 
the ability to survive in soils that are toxic to other plants and 
is manifested by an interaction between a genotype and its 
environment (Macnair et al., 2000).  The term is frequently 
used in the literature in a broader sense to include changes 
that may occur experimentally in the sensitive response to 
heavy metals. Tolerance to high concentrations of metals in 
species and cultivars that can grow on metal-polluted soil 
could be achieved by a range of potential mechanisms at the 
cellular level that might be involved in detoxification. These 
mechanisms appear to be involved primarily in avoiding 
the accumulation of toxic concentrations at sensitive sites 
within the cell preventing the damaging effects rather than 
developing proteins that can resist the heavy metal effects. 
The potential cellular mechanisms involved in tolerance 
include those involving i) reduction of metal-uptake through 
micorrhiza action or extracellular exudates; ii) stimulation of 
the efflux pumping of the metal at the plasma membrane; 
iii) chelation of metals by phytochelatins, metallothioneins, 
organic acids or heat shock proteins; iv) compartmentation 
of metals in the vacuole (Hall, 2002). There is little evidence 
that tolerant species or ecotypes show an enhanced oxidative 
defence; rather, tolerant plants show enhanced avoidance and 
homeostatic mechanisms to prevent the stress (De Vos et al., 
1991; Dietz et al., 1999). 
Van Thichelen et al. (2001) showed that some mycor-
rhizal species protect Pinus sylvestris against Cu toxicity ex-
tracellularly, although the amount of Cu retained by different 
fungi vary considerably. The mechanisms employed by the 
fungi are probably through binding to extracellular materials. 
Organic acids excreted by plants can facilitate metal uptake, 
but these molecules can also inhibit metal acquisition by 
forming a complex with it outside the root so that it is not 
taken up. In this sense, citrate appears to be responsible for 
Cu tolerance in Arabidopsis thaliana (Murphy et al., 1999).
On the other hand, once inside the root cells, metals are 
translocated by membrane metal transporters and metal-bind-
ing proteins to their final destination. This process involves 
specific proteins that must maintain a fine balance between 
there being enough essential metals available for metabolic 
functions and at the same time avoiding deficiency or toxic-
ity. Excess metals are stored in a location where the metal 
can do the least harm to cellular processes. This involves 
storage in special cellular compartments such as the vacuole. 
Sequestration may also be in the apoplast, or in specialized 
cells such as epidermal cells and trichomes. Metallothioneins 
and phytochelatins are metal chelating molecules that may 
also play a role in Cu tolerance (Zhou and Goldsbrough, 
1995; Rauser, 1995; Cobbet and Goldsbrough, 2002). 
Metallothioneins (MT) are cysteine-rich polypeptides encod-
ed by a family of genes. In contrast, phytochelatins (PC) are 
a family of enzymatically-synthetized cysteine-rich peptides. 
There is evidence to support that MTs are involved in Cu tol-
erance. Expression of some MT genes is induced by Cu: i) the 
level of expression of the 2-type MT gene correlates closely 
with Cu tolerance in a group of Arabidopsis thaliana eco-
types (Murphy and Taiz, 1995); ii) the expression of 2-type 
MT is elevated in a Cu-sensitive mutant that accumulates Cu 
(van Vliet et al., 1995); iii) Cu tolerance in the metallophyte 
plant Silene vulgaris is associated with increased levels of a 
2b-type MT (van Hoof et al., 2001); iv) the yeast MT CUP1 
gene introduced into tobacco plants contributes to Cu metal 
phytoextraction (Thomas et al., 2003). However, a clear role 
of PCs in Cu detoxification has not been shown. Cu is a 
strong activator of PC biosynthesis but PC-deficient mutants 
show relatively little sensitivity to Cu. Since PCs can form 
complexes with Cu it may be possible that PC-Cu complexes 
are not sequestered in the vacuole (Cobbet and Goldsbrough, 
2002). 
P-type Cu transporting ATPases are thought to be 
important not only in obtaining sufficient amounts of heavy 
metal ions for essential cell functions but also in preventing 
accumulations of these ions to toxic levels. On the other hand, 
Cu ions are chelated by specific chaperones and delivered 
to Cu pumps for transport into organelles or directly to 
cytosolic Cu-dependent proteins. Thus, both Cu chelation 
152
Braz. J. Plant Physiol., 17(1):145-156, 2005
I. YRUELA COPPER IN PLANTS
Braz. J. Plant Physiol., 17(1):145-156, 2005
153
and Cu pumping activity are likely to be required not only 
for Cu-uptake but also for other processes. Thus, these 
transporters and chaperones could be involved in the overall 
strategy of heavy metal tolerance. A possible role of metal 
transporters and chaperones in phytoremediation (defined 
as the use of green plants to remove pollutants from the 
environment or to render them harmless) has been proposed. 
However, our knowledge of the transport processes for heavy 
metals across plant membranes at the molecular level is still 
rudimentary in most cases. A comprehensive understanding 
of metal transport in plants will be essential for developing 
strategies to genetically engineer plants that accumulate 
specific metals, either for use in phytoremediation or to 
improve human nutrition (Salt et al., 1998; Pilon-Smits and 
Pilon, 2002). 
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